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We present an exchange bias (EB) effect of variable size in La0.67Sr0.33MnO3−δ single and
La0.67Sr0.33MnO3−δ/SrTiO3 (LSMO/STO) bilayers grown on STO substrates. Samples have been prepared by
pulsed laser deposition (PLD) and high-pressure sputter deposition (HSD) in oxygen atmosphere at different
oxygen pressures. Increased out-of-plane lattice parameters of the LSMO layers and reduced Curie temperatures
indicate oxygen deficiencies in the samples grown at lower oxygen pressures. We found an increase of the EB
and the coercive fields with decreasing oxygen pressure, whereas the growth at high pressures does not lead to an
EB effect. The depth-sensitive method of polarized neutron reflectometry (PNR) reveals a region with drastically
reduced, maybe even completely vanishing net magnetization in the LSMO layer at the interface to STO in the
exchange-biased samples, but not in the non-exchanged-biased one. It is suggested that an antiferromagnetic
structure is formed in this part of the LSMO thin film, which causes the EB effect in this system. An explanation
based on the strain-doping phase diagram of LSMO is provided. Thus our findings open a route for tuning the
EB effect by changing the oxygen vacancy concentrations.
DOI: 10.1103/PhysRevB.88.144427 PACS number(s): 75.70.Cn
I. INTRODUCTION
One of the main challenges of modern condensed matter
research is the preparation, analysis, and understanding of
strongly correlated electron systems in complex oxides.1 The
ground state of these fascinating materials is determined by
the interplay of lattice, charge, spin, and orbital degrees of
freedom. Therefore, a huge variety of extraordinary properties
have already been discovered in oxide materials, such as
colossal magnetoresistance (CMR) in manganites such as
La0.67Sr0.33MnO3 (Ref. 2) or high-TC superconductivity.3 Due
to recent improvements in thin-film deposition techniques such
as high-pressure sputter deposition (HSD), pulsed laser depo-
sition (PLD), and oxidic molecular beam epitaxy, combining
two materials with different properties in a thin-film system
can lead to even more interesting and novel effects due to the
coupling of the different properties via the common interface
or the additional lattice strain present at the interface—or a
combination of both. One of the best-known combinations is
the preparation of an interface between an antiferromagnet
and a ferromagnet, which in many cases causes an exchange
bias (EB) effect in the system, i.e., a shift of the hysteresis
curve along the field axis. Although the EB effect is known for
a few decades,4 the different occurrences of the EB effect5,6
continue to fascinate. While EB effects have been established
in numerous metallic systems, using it in oxide systems
opens the perspective of combining the EB effect with other
emerging functions. As an example, switching between the
two distinct EB states by reversing the polarization of BiFeO3
has been realized in BiFeO3/La0.67Sr0.33MnO3 thin films,7
showing the importance of the EB effect for possible device
applications and the necessity of a better understanding of the
effect.
Out of the large group of strongly correlated oxides,
La1−xSrxMnO3 (LSMO) is one of the most-studied bulk
materials due to the CMR effect and the huge variety of
magnetic properties, which exist by changing the doping
level.8 Whereas a phase diagram for the bulk has already been
established some time ago,8 the new properties and phenomena
arise in thin LSMO films depending on stoichiometry and
strain.9 For example, a new magnetic configuration in an
LSMO thin film deposited on SrTiO3 (STO) has been found
by x-ray magnetic circular dichroism (XMCD) (Ref. 10)
recently. Besides changing the La/Sr ratio, the charge-carrier
density in LSMO can also be influenced by varying the
oxygen stoichiometry. The magnetoresistive properties of
oxygen-deficient LSMO and how they depend on the oxygen
content have already been studied extensively.11
An EB has been observed in a LSMO/STO multilayer
by Zhu et al.12–14 It was proposed that a disordered spin
state at the interface creates the EB caused by the strain
exerted by the STO. A vertical shift of the hysteresis loops
along the magnetization axis was proposed as an indirect
hint supporting this assumption. Here we report on a tunable
EB effect in LSMO single layers and LSMO/STO bilayers
deposited on STO substrates. Our macroscopic magnetic
characterization and x-ray diffraction measurements suggest
a correlation between oxygen deficiency and the EB effect:
We find an increasing EB effect, i.e., an increasing shift of the
hysteresis curves, with increasing oxygen deficiencies, while
no EB effect is detected in samples with a stoichiometric
La0.67Sr0.33MnO3 film. The size of the EB is influenced by
changing the oxygen pressure in the HSD chamber during
preparation. Using the depth sensitive technique of polarized
neutron reflectometry (PNR) we detected a region of at least
drastically reduced, maybe even completely vanishing net
magnetization in the exchange-biased sample in the LSMO
thin film at the STO interface which is not present in the not-
exchange-biased system. These results provide microscopic
experimental evidence of a nonmagnetic interfacial layer
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FIG. 1. (Color online) Scattering geometry of the PNR experi-
ment. The up-up channel is shown, i.e., the spins of both the incoming
and reflected neutrons, are oriented parallel to the applied magnetic
field H . H causes a magnetic induction B in the sample with two
in-plane components B‖ and B⊥.
in the sample with oxygen deficiency. We argue that an
antiferromagnetically ordered layer at the interface causes the
observed EB effect.
II. EXPERIMENTAL
LSMO single layers and LSMO/STO bilayers have been
grown by PLD and HSD in oxygen atmosphere on single-
crystalline SrTiO3 (001) substrates. Clean surfaces have been
obtained by heating the substrates at a rate of 100 ◦C/h to
900 ◦C. After one hour at 900 ◦C, substrates have been cooled
slowly to room temperature.
For the PLD growth, an excimer laser (Lambda LPX305)
with wavelength 248 nm, a repetition rate of 10 Hz, and an
energy density of 3.5 J/cm2 were used. The cylindrical target
consists of sintered powder with the nominal stoichiometry
La0.67Sr0.33MnO3 for the LSMO and a single-crystalline target
for the SrTiO3. A typical deposition rate of 0.6 nm/s was
achieved for both materials. Substrates were placed on a
resistive SiC heater. Deposition temperatures in the range of
T s = 750 ◦C were applied during the growth.
For the HSD sample preparation, commercial Lesker
La0.67Sr0.33MnO3 and SrTiO3 targets with 2-inch diameter
were used. LSMO was deposited by DC, and STO by AC
sputtering, both at a deposition temperature of T s = 750 ◦C.
The oxygen pressure during sputtering was varied for different
samples between 2.0 and 0.6 mbar.
The stoichiometry of the films, i.e., the ratios between
La, Sr, and Mn, were analyzed employing Rutherford
backscattering (RBS) with 1.4-MeV He+ ions. X-ray reflecto-
metry (XRR) was performed on a Bruker D8 reflectometer.
Macroscopic magnetic characterization was carried out in a
Quantum Design PPMS with a vibrating sample magneto-
meter (VSM) option.
PNR was performed on the magnetism reflectometer
at the Spallation Neutron Source at Oak Ridge National
Laboratory.15 Data was taken in a 60-Hz time-of-flight mode
using a wavelength band from 2 to 5 A˚. A time-resolved two-
dimensional position-sensitive detector was used to detect the
reflected neutron beam at several incident angles. A Q range
from 0 to 0.075 A˚−1 was covered by combining the measure-
ments at three different incident angles (θ = 0.2,0.4, and 0.8).
Figure 1 shows the geometry of the PNR experiment. An
in-plane magnetic field H is applied to the sample, which
causes a sample induction B with two in-plane components
parallel (B‖) and perpendicular (B⊥) to H . H also sets a
quantization axis for the neutron beam that is reflected from the
sample surface: the incoming neutron beam is polarized with
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FIG. 2. (Color online) X-ray reflectivity of the exchanged-biased
bilayer grown at 1.0 mbar at room temperature. Good agreement
between measurement and simulation allows accurate LSMO and
STO thickness determinations (87 and 63 A˚, respectively). Inset: the
resulting scattering length density profile of the simulation is shown,
where δ is the refractive index decrement and z the distance from
the surface of the substrate. The vertical dashed lines indicate the
position of the interfaces of the bilayer. The horizontal dashed lines
mark the bulk values of δ for LSMO and STO.
the neutron spins oriented either parallel (up) or antiparallel
(down) to the magnetic field.
Similar to the x-ray reflectometry data analysis, Parratt’s
formalism was used to simulate the PNR data,16 including a
model to take interface roughnesses into account.17 From the
simulation of the PNR data, the nuclear (ρN ) and magnetic
(ρM ) scattering length density profiles perpendicular to the
sample surface were determined.
III. RESULTS
X-ray reflectivity data were modeled using Parratt’s
formalism.16,18 Figure 2 shows one example of a measured
x-ray reflectivity for a LSMO/STO bilayer prepared by
sputtering. Using the scattering length densities of bulk LSMO
and STO, layer thicknesses and roughnesses have been fitted
to obtain a good agreement between data and simulation. It
was necessary to introduce a thin surface layer (around 1 nm)
with an additional roughness parameter to simulate the data,
because the surface is not described well enough by a single
rms roughness parameter. The resulting roughnesses for the
layers are small, ranging between 0.5 and 1 nm, except for
the LSMO single layers grown at 0.8 and 0.6 mbar, where
they are slightly increased to 1.4 and 1.8 nm, respectively. A
possible explanation is the slightly higher deposition rate for
lower oxygen pressure. The determined thicknesses are listed
in Table II.
Figure 3 gives an overview of the x-ray diffraction analysis
of two LSMO single layers grown by HSD at 0.8 and
0.6 mbar. It can be seen that the (004) reflection of the
film grown at 0.6 mbar is clearly shifted to smaller angles,
corresponding to a larger out-of-plane lattice constant. The
shifting of the out-of-plane lattice constants is well known
for oxygen-deficient pseudocubic perovskites and has already
been seen in LSMO,19 and is usually explained by the change
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FIG. 3. (Color online) X-ray diffraction results: Comparison of
the two single layers grown by HSD at 0.6 and 0.8 mbar. Top:
θ/2θ scans around the (004) reflections of STO and LSMO. Bottom:
rocking curves of the (004) reflections of the LSMO films measured
at Qz = 6.47 (0.6 mbar) and Qz = 6.52 (0.8 mbar), respectively. A
detailed discussion on indication for strain relaxation deduced from
these curves can be found in Ref. 21.
in the Mn3+ to Mn4+ ratio.20 Nevertheless, the FWHM of
the rocking curves measured of both samples are comparable,
indicating that the structural quality of the samples should be
very similar. The analysis of the bilayers cannot be done with
this accuracy, since overlapping of LSMO and STO thickness
oscillations inhibit the determination of the position of the
LSMO reflection.
The macroscopic characterization was done by performing
temperature scans from 5 to 340 K in a field of 0.5 mT during
heating after cooling in a magnetic field of 1 T (Fig. 4). In
addition, hysteresis curves have been measured at different
temperatures. The Curie temperatures T C have been estimated
from the temperature scans by linear extrapolation of the
magnetization to the abscissa. A strong dependence of T C
on the oxygen pressure during preparation is observed: for the
PLD-grown samples and the sputtered samples grown at high
oxygen pressure, T C is approximately 320 K. With decreasing
oxygen pressure during sample preparation, T C decreases
continuously down to about 57 K for the sample grown at
0.6 mbar (Fig. 4). Lower Curie temperatures are a well-
known consequence of oxygen-deficient manganites.22,23 In
addition to the decreasing Curie temperature, the temperature-
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FIG. 4. (Color online) Temperature scans of the remanent mag-
netization at 0.5 mT after field cooling at 1 T of the samples analyzed
by PNR. The magnetic moment has been normalized to the moment
at 5 K. T C drops significantly with decreasing oxygen pressure during
growth.
dependent behavior below T C for the samples grown at 0.8
and 0.6 mbar differ from typical ferromagnetic materials.
Similar effects have been observed for oxygen-deficient
La1−xCaxMnO3 films which revealed spin-glassy behavior.23
Even though the temperature-dependent behavior differs
from standard ferromagnetic behavior for the samples grown
at low oxygen pressures, all samples are clearly ferromagnetic
below T C : all samples show ferromagnetic hysteresis loops
at low temperatures. Figure 5 compares the hysteresis curves
at 5 K for the different samples measured after field cooling
in +1 T. Two important results can be extracted from the
hysteresis measurements. First of all we observe an increase of
the coercive field HC with decreasing oxygen pressure during
sample growth from 5 mT for a sample grown by PLD to
119 mT for the sample grown by sputtering at an oxygen
pressure of 0.6 mbar. This behavior is expected for oxygen-
deficient LSMO and can be explained like the decreasing
of the Curie temperature in the framework of not perfectly
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FIG. 5. (Color online) Hysteresis curves from samples at 5 K
analyzed by PNR measured after field cooling at +1 T. The total
field range was ±1 T (for better visibility, only the region between
±300 mT is shown). HC and HE values are listed in Table I.
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TABLE I. Results of the VSM characterization: HE–EB field,
HC–coercive field, and TC–Curie temperature.
Pressure [mbar] μ0HE [mT] μ0HC [mT] TC [K]
PLD 0(1) 5(1) 320(2)
2.0 0(1) 5(1) 322(2)
1.2 0(1) 30(1) 277(2)
1.0 6(1) 31(1) 252(3)
0.8 7(1) 65(1) 249(3)
0.6 29(1) 119(1) 57(5)
homogeneous ferromagnets.22 In addition, the PLD sample
shows an unusual hysteresis, with a soft magnetic behavior
at low field and slow approach to saturation with opening of
the hysteresis at slightly higher fields. The second result is the
presence of an exchange bias effect in the samples grown at
oxygen pressures of 1 mbar or smaller. The samples grown at
higher pressures and the PLD samples do not exhibit an EB
effect. Similar to the coercive fields, the exchange bias field
HE , i.e., the shift of the hysteresis curves, becomes larger with
decreasing oxygen pressure. It increases from 6 mT for the
sample grown at 1 mbar to 29 mT for 0.6 mbar. Table I gives an
overview of the results of the macroscopic magnetic character-
ization. Summarized, both the structural and the macroscopic
characterization clearly indicate that oxygen deficiencies are
present in the samples grown at lower pressures. Furthermore,
we can control the amount of the deficiencies by adjusting the
oxygen pressure. There is a strong dependence of the magnetic
properties upon oxygen deficiency.
The macroscopic magnetic characterization of our thin-film
samples containing nonmagnetic STO and (oxygen-deficient)
nominally ferromagnetic LSMO indicates that an antifer-
romagnetic region, which causes the EB effect, should be
present in the samples grown at lower pressures. Therefore we
analyzed the magnetic depth profile of the LSMO/STO bi- and
single layers by PNR to determine possible antiferromagnetic
and ferromagnetic regions in our samples. As described earlier,
we took R+ and R− reflectivities of the samples grown at
0.8 and 0.6 mbar and the PLD sample, at both 340 and 5 K.
The high-temperature data was used to determine the nuclear
scattering length densities (NSLDs) of the samples. Since the
contrast between the NSLDs of STO and LSMO is very small
(3.5 × 10−6 A˚−2 and 3.7 × 10−6 A˚−2, respectively), there are
no thickness oscillations visible above T C . This is a huge
advantage for our purpose, namely, to determine the magnetic
depth profile accurately, since the low-temperature magnetic
contrast between R+ and R− is not superimposed by chem-
ical contrast between LSMO and STO. Hence, an accurate
determination of the ferromagnetic layer thickness is possible.
The R+ and R− data taken at 5 K for the PLD bilayer
together with the simulation of the data are depicted in Fig. 6.
The resulting fit parameters are in very good agreement with
the x-ray reflectometry results. Not only are the scattering
length densities obtained by both methods in good agreement,
but also the LSMO thickness determined by x-ray reflectom-
etry matches perfectly with the ferromagnetic layer thickness
determined by PNR (Table II), indicating that the complete
LSMO layer is ordered ferromagnetically at 5 K. Furthermore,
the magnetic scattering length density is only slightly smaller
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FIG. 6. (Color online) PNR of the LSMO/STO bilayer without
EB measured at 6 K and in a saturation field of 1 T. R− is divided by
10 for better visibility. Inset: The resulting scattering length density
(sld) profile of the simulation is shown as a function of distance
from the surface of the substrate z. The solid black line indicates
the nuclear sld profile of the sample. Below the Curie temperature
the magnetic sld of LSMO needs to be added to or subtracted from
the nuclear sld to obtain the total sld of LSMO for the R+ and R−
channels, respectively (solid red and blue lines). The vertical dashed
lines indicate the position of the interfaces of the bilayer.
than the bulk value for x = 0.33 doped La1−xSrxMnO3, having
a magnetic moment of 11/3 μB per unit cell.
In contrast to these results for the bilayer grown by PLD,
the fit of the data for the single layer grown at 0.8 mbar
results in a ferromagnetic layer thickness which is about
10 A˚ smaller than the LSMO thickness determined by x-ray
reflectometry (95 and 105 A˚, respectively). The data is shown
in Fig. 7. The remaining part of the LSMO layer might
have a small net magnetization (see last column in Table II)
but will be called (macroscopically) nonmagnetic in the
following. We also show the best possible fit for the case
of a 105 A˚ ferromagnetic LSMO layer to point out the
significant difference in our results. The data also reveals
that the ferromagnetic layer is on top of the LSMO layer and
TABLE II. Summary of XRR and PNR. Listed are the LSMO
layer thicknesses determined by XRR (dlsmo A˚), the thickness of the
ferromagnetic region in LSMO determined by PNR at 5 K (dfm A˚), and
the difference between both thicknesses, which gives the thickness
of the region in the LSMO thin films of drastically reduced net
magnetization (dNM A˚). Finally, the net magnetic moment per Mn
atom of the ferromagnetic part (mfm) and the interface region (mnm) of
the LSMO layer normalized to the bulk value for x = 0.33 Sr-doped
LSMO (mth = 3.66 μB). For comparison, the magnetic moment per
Mn atom determined by VSM (mvsm) is listed (calculated for a
ferromagnetic LSMO layer having the thickness determined by PNR,
not with the chemical layer thicknesses determined by XRR).
Pressure
[mbar] dlsmo [A˚] dfm [A˚] dnm [A˚] mfm/mth mnm/mth mvsm/mth
PLD 85(2) 86(3) −1(4) 0.91(6) – 0.88(3)
0.8 105(1) 95(4) 10(5) 0.71(5) 0.1(1) 0.64(3)
0.6 177(2) 140(10) 37(12) 0.23(3) 0.04(5) 0.19(2)
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FIG. 7. (Color online) PNR of the LSMO single layer grown at
0.8 mbar. R− is divided by 10 for better visibility. Top: Best fit to
the data, giving a macroscopically nonmagnetic layer at the interface
to the STO substrate. Bottom: Alternate simulations for the same
sample. Best fit for a completely ferromagnetic LSMO layer and for
a macroscopically nonmagnetic region at the surface of the LSMO
layer. Inset: The resulting scattering length density (sld) profile of the
simulation is shown as a function of distance from the surface of the
substrate z. The solid black line indicates the nuclear sld profile of
the sample. Below the Curie temperature the magnetic sld of LSMO
needs to be added to or subtracted from the nuclear sld to obtain the
total sld of LSMO for the R+ and R− channels, respectively (solid
red and blue lines). The vertical dashed lines indicate the position of
the magnetic interfaces of the single layer. Note that the position of
the magnetic interface to the substrate is shifted with respect to the
chemical interface at z = 0, indicating a region of drastically reduced
magnetization at the LSMO/STO interface.
the nonmagnetic layer at the interface to the STO substrate.
The other way around, i.e., a nonmagnetic layer on top of a
95-A˚ ferromagnetic layer of LSMO, leads to a clearly worse
simulation compared to the observation. The significance of
our results can be underscored by comparing the figure of
merits (FOM = 1
N
∑N
i [log(Di) − log(Si)]2, whereDi are the
N experimental intensity data points and Si the corresponding
simulated values) for the different solutions: whereas the FOM
is 6.64 for the best fit, it is more than two times larger in the case
of a completely ferromagnetic LSMO layer or a nonmagnetic
layer on top of the LSMO layer (13.7 and 16.0, respectively).
The effect is more pronounced for the sample grown at
0.6 mbar: compared to a LSMO layer thickness of 177 A˚,
the PNR data give a ferromagnetic layer thickness of 140 A˚
again on top of the single layer, leaving a 37-A˚ nonmagnetic
layer at the STO interface. The thicknesses of the nonmagnetic
LSMO region listed in Table II are not determined by the
PNR data fit. Due to the small difference in the NSLDs of
STO and LSMO, one can hardly see the interface between
the substrate and the nonmagnetic LSMO. Thus the thickness
of the nonmagnetic region can be chosen almost arbitrarily
in the PNR simulations. Instead the thickness listed in the
table is the difference between the LSMO layer determined
by x-ray reflectometry and the thickness of the ferromagnetic
LSMO layer determined by PNR. In addition to the increasing
nonmagnetic LSMO layer thickness with decreasing oxygen
pressure during preparation, the magnetic scattering length
densities of the ferromagnetic part of the LSMO layers also are
smaller than for the bilayer without EB effect (71% and 23%
for the samples grown at 0.8 and 0.6 mbar, respectively), which
again is expected for oxygen-deficient LSMO thin films.22
The resulting magnetic moments per Mn atom determined by
PNR are in very good agreement with the values obtained
by the macroscopic magnetization measurements for all the
samples.
IV. DISCUSSION
The combination of the macroscopic magnetic character-
ization and PNR measurements leads us to the following
interpretation. The PNR measurements reveal regions with
strongly suppressed, maybe even vanishing net magnetization
of LSMO at the interface to STO. Since reflectometry does not
resolve the magnetic structure on an atomic length scale, this
“nonmagnetic” region can in fact be ordered antiferromagnet-
ically. In this case, a ferromagnetic (FM)–antiferromagnetic
(AFM) interface is present in the samples with oxygen-
deficient LSMO layers, which then causes the EB effect. The
occurrence of the EB effect in our samples can be understood
by generalizing the well-known strain-doping phase diagram
of LSMO, which has been proposed experimentally by Konishi
et al.24 and theoretically by Fang et al.25 (Fig. 8).
The structural characterization by x-ray scattering and also
the VSM measurements clearly indicate oxygen deficiencies
in the LSMO layer. Furthermore, we can adjust the oxygen
content by varying the oxygen pressure. Effectively, this leads
to the same result as changing the La/Sr ratio to a lower
Sr content in the LSMO layer when the Mn4+ content and
thus the charge-carrier density is decreased. According to the
oxygen vacancy model,26,27 the resulting Mn4+ content can be
calculated by the following chemical formula:
La1−xSrxMn3+1−x+2δMn
4+
x−2δO3−δ. (1)
Hence, oxygen vacancies result in a shift in the phase diagram
in Fig. 8 to the left, even though x might still equal 0.33. This
effect alone seems insufficient in our samples to reach the AFM
region, as there is a ferromagnetic order for the majority of the
LSMO layer. But at the interface, in addition to the change
in charge-carrier density, we also have a compressive strain
mediated by the STO substrate which is equivalent to a shift
in the diagram downwards. To the best of our knowledge,
there are neither theoretical calculations nor experimental
reports on a strain phase diagram for doping levels smaller
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FIG. 8. (Color online) Schematic strain vs doping phase diagram
of LSMO. The information for the doping range between x = 0.2 and
x = 0.6 is taken from Refs. 25 and 24. The phase boundary between
the FM and A-AFM region for a doping level smaller then 0.2 is
an assumption or rather an interpolation between the last calculated
point in Ref. 25 for x = 0.2 and the known fact that bulk LSMO
with x = 0.1 exhibits the A-AFM structure (Ref. 8). Even though the
doping level is kept at 0.33 for the samples under investigation, one
can still “move” through the phase diagram by oxygen deficiencies
(according to formula (1)) and strain and reach the A-AFM region.
The δ values give the necessary oxygen deficiency to reach the same
Mn4+/Mn3+ ratio as a fully oxygenated LSMO with a doping level
at the corresponding position.
than 0.2. However, it is well known for bulk LSMO that
for doping levels smaller than 0.16 the antiferromagnetic
A-type structure (A-AFM) is established.8 By combining this
information with the calculations and experimental data for
larger doping levels, one can assume that the phase diagram
between x = 0.1 and 0.2 looks qualitatively as shown in
Fig. 8. In this case, a combination of oxygen deficiency and
compressive strain can result in an antiferromagnetic order
at the STO interface. After relaxation a ferromagnetic order
is established in the rest of the layer. This interpretation can
only be valid if the samples exhibiting an EB effect have an
oxygen deficiency large enough to result in a Mn4+/Mn3+
ratio smaller than 0.25 (which corresponds to a Sr doping of
x = 0.2 for fully oxidized LSMO), as for larger Mn4+/Mn3+
ratios a bigger strain than for the fully oxidized LSMO with
x = 0.33 is needed in order to reach the A-AFM phase (see
phase diagram between x = 0.2 and x = 0.33). Therefore,
according to formula (1) an oxygen deficiency larger than
δ = 0.07 is needed. The fact, that the antiferromagnetic layer
gets thicker with increasing oxygen deficiencies also supports
the assumption that the oxygen deficiencies are in the range
between δ = 0.07 and 0.1; in this region a sample with higher
oxygen deficiencies needs a smaller strain to reach the AFM
phase. Therefore at the LSMO/STO interface, a region at a
certain strain, which is ordered ferromagnetically in the sample
grown at 0.8 mbar, might be still ordered antiferromagnetically
at the same strain in the sample grown at 0.6 mbar due to the
larger oxygen deficiency. Thereby, for the sample grown at
0.6 mbar a bigger relaxation layer is needed to end up in the
FM region, resulting in a thicker AFM interfacial layer. To
finally proof this interpretation, a more detailed analysis of
the relaxation process in the samples and the corresponding
length scale it occurs needs to be done. Some indication for the
strain relaxation has been extracted from the x-ray diffraction
data,21 and at least for the single layer grown at 0.6 mbar the
thickness of the strained region is very similar to the thickness
of the AFM region (about 30–40 A˚). Another way of proving
our interpretation would be the investigation of multilayers
by neutron diffraction; magnetic reflections caused by an
antiferromagnetic order could be detected by this method.
Neutron diffraction is not possible for the samples discussed
here, as the diffracted intensity would be too small.
It is important to note that since the EB effect is purely
due to the LSMO layer and the STO substrate is only needed
to mediate the strain, one is not limited to having to chose
an antiferromagnet on one side and a ferromagnet on the
other side of the chemical interface to create an EB effect.
This opens up the opportunity of choosing the second material
independently, as long as it sets the right strain to the magnetic
layer. As in our case, one layer need not to be magnetic at
all but could have other properties, which possibly creates
completely new and more versatile functionalities.
V. CONCLUSION
We have prepared a set of LSMO single layers and
LSMO/STO bilayers by HSD and PLD. We show that we
can influence the oxygen stoichiometry by changing the
oxygen pressure in the HSD chamber during deposition. The
detection of an EB effect in the oxygen-deficient LSMO
layers indicates that an antiferromagnetically ordered region
is present in the samples. We detect a layer with drastically
reduced or maybe even no net magnetization at the interface
to the STO substrates, where the LSMO most likely orders
antiferromagnetically. We present a possible scenario as an
explanation for the EB effect by a combination of oxygen
deficiencies and strain at the STO interface. Our observation
opens up possibilities in tailoring the properties of thin-film
oxides: since the EB is caused by one material only, the second
material can be chosen to be nonmagnetic, as long as it sets
the right strain. Therefore one could think of using materials
having properties that might couple and influence the EB
material and hence create new versatile material systems.
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